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Plant genomes host an astounding variety
of transposable elements (TEs) (1–7).

Among plants, the maize model has been a
darling of TE researchers since the classical
work of Barbara McClintock (1). Recently,
maize was joined by Arabidopsis thaliana, a
small plant from the mustard family brought
into prominence in biological research be-
cause of sequencing of its genome. Studies
of TEs from these two plants and a nema-
tode worm, Caenrhabditis elegans, began a
story of a new superfamily of DNA trans-
posons. In the part of the story written in this
issue of PNAS by Zhang et al. (8), the major
superfamily ‘‘characters’’ Tourists and Har-
bingers are connected with their previously
unknown relatives, alive and prosperous in
maize. The newly found relatives are P
instability factors, or PIFs.

The first Tourist element was discovered
as a 128-bp-long insertion mutation in
maize. This element became a defining
member of the Tourist-like family of minia-
ture inverted transposable elements, re-
ferred to as MITEs (9). The major charac-
teristics of the Tourist-like family are
terminal inverted repeats, a 3-bp target site
duplication (TSD), and a relatively small
size that precludes any protein-coding ca-
pabilities. The Tourist-MITE family is wide-
spread in plants and is often associated with
genes (10). The origin of MITEs remained
a mystery although numerous researchers
considered them to be short nonautono-
mous DNA transposons (5, 11–15).

Harbinger, a 5,382-bp-long DNA transpo-
son, was discovered (5) through a systematic
survey and analysis of the newly sequenced
genome of A. thaliana and deposited in the
May 1999 release of Repbase Update, a
public database of repetitive elements (16).
Harbinger’s characteristics include 25-bp ter-
minal inverted repeats, 3-bp target sites, and
two ORFs, one of which encodes a trans-
posase-like protein (HARBT). Based on
the significant similarity of HARBT to
transposases from bacterial insertion ele-
ments (IS5, ISL2, IS702, IS493, IS112, and
IS470) as well as to putative transposases
from C. elegans and Sorghum bicolor, Har-
binger was first described as a defining mem-
ber of a new HarbingeryIS5 superfamily (5).
Two diverse C. elegans transposons de-

scribed in the same study (5), under cryptic
names 2746799oCE and 38777883oCE, were
deposited as Turmoil1 and Turmoil2 DNA
transposons (C. elegans section RU 4.11,
http:yywww.girinst.org) in the November
1999 release of Repbase Update. Together
with Harbinger, these are the originally clas-
sified autonomous members of the Harbin-
geryIS5 superfamily. Further DNA se-
quence studies of the Turmoil1 family in
nematodes (C. elegans and Caenrhabditis
briggsae) revealed its relationship to Tourist-
like elements (17).

The existing sequence data do not con-
tain sufficient information to prove that
Harbinger or any other element from the
HarbingeryIS5 superfamily is currently ac-
tive in eukaryotes. Indeed, before the paper
by Zhang et al. (8) there was no direct
evidence for active transposition of any
Tourist- or Harbinger-like elements. The au-
thors chose to pursue a mysterious class 2
family of transposable elements, PIFs, which
were found to actively transpose in maize
(18). PIFs were first discovered by studying
5.2-kb and 2.3-kb multiple insertion muta-
tions at the same target in the anthocyanin
regulatory gene (R gene) in maize (18). The
R gene confers pigmentation to different
maize tissues. The insertion of the PIFs into
the second intron eliminates the pigmenta-
tion and their excision restores it, thus per-
mitting observation of the cut-and-paste ac-
tivity. The 2.3-kb-long element, named PIF-
12, has been sequenced and deposited in
public databases but its predicted ORFs
failed to match any known protein se-
quences (18). Apparently, although PIF-
12(PIF2.3) and PIF5.2 are actively trans-
posed, they are both nonautonomous
elements that evaded broader classification.
Classification of the PIF family in relation to
other known families of TEs could be done
only when Zhang et al. (8) isolated and
sequenced a new PIF element associated
with active transposition in maize and cod-
ing for a transposase-like protein. The au-
thors followed different strains of maize
with and without active PIFs by monitoring
changes in plant pigmentation. Using PCR
amplification with a predetermined pull of
primers they were able to amplify a 3,728-bp
element that cosegregated with PIF-active

plants. Additional PCR amplifications con-
firmed that the absence of PIFa correlated
with the loss of PIF activity. The authors
also have shown that in some active strains
PIFa has relocated from the original locus to
other site(s). These findings indicate that
PIFa itself is mobile and that it is a necessary
element involved in active transposition of
other PIFs. It is somewhat surprising that
the critically important PIFa is shorter than
its nonautonomous PIF5.2 relative. It would
be interesting to determine whether or not
such big nonautonomous companions can
encode any additional proteins that copar-
ticipate in the transposition process. In any
case, isolating the active PIFa element is a
very important contribution that will help to
further our understanding of PIFs and re-
lated TEs.

The PIFa sequence contains a 331-aa
ORF similar to putative transposases from
Arabidopsis, sorghum, rice, nematodes (C.
elegans and C. briggsae), and a basidiomy-
cete fungus Filobasidiella neoformans. It was
also found (8) to be distantly similar to IS5
and other bacterial insertion sequences
listed above (5). Similarities to putative
transposases from rice and fungus have
been reported for the first time. Nematode
transposons called CE-PIF1 and CE-PIF2 in
this report (8) are the same as Turmoil2 and
Turmoil1, respectively. These findings con-
firm and extend previous reports (refs. 5 and
17; C. elegans section RU 4.11, http:yy
www.girinst.org) and for the first time place
the active PIF family in the HarbingeryIS5
superfamily. The authors emphasize the di-
versity of the superfamily. This diversity is
likely to go beyond the HarbingeryIS5 su-
perfamily, which may have a sister IS112-
like superfamily present in A. thaliana. This
is indicated by a recently discovered putative
DNA transposon ATIS112 (A. thaliana sec-
tion RU 6.01, http:yywww.girinst.org)
flanked by 5-bp TSDs as opposed to the
3-bp TSDs found in HarbingeryIS5 elements
(5). Despite the different target sites, the
transposase-like ORF from ATIS112 is re-

See companion article on page 12572.

*To whom reprint requests should be addressed. E-mail:
jurka@charon.girinst.org.

www.pnas.orgycgiydoiy10.1073ypnas.231490598 PNAS u October 23, 2001 u vol. 98 u no. 22 u 12315–12316

CO
M

M
EN

TA
RY



lated to all transposases identified with the
HarbingeryIS5 superfamily.

In addition to long PIFs, Zhang et al.
(8) studied a small 364-bp PIF-like se-
quence identified in the original report
of the PIF family (18). Using Southern
blot analysis they found this miniature
PIF (or mPIF) to be abundant in maize
(around 6,000 copies per haploid ge-
nome), but not in sorghum or rice. Based
on the 3-bp target site duplications and
terminal inverted repeats, mPIF was
classified by the authors as a typical
Tourist-like MITE element. Further-
more, mPIFs share terminal and subter-
minal regions with other PIF elements.
This puts them in a common category of
deletion products derived from larger
PIFs (Fig. 1). Finally, they appear to use the
same 9-bp target as other PIFs, with an
approximate consensus CWCTTAGWG
(C77W58C77T97T91A97G52W68G61) where W
stands for either A or T (Fig. 1). Based on
the average frequency of a 9-bp oligonucleo-
tide, the authors estimate that there are
about 10,000 such targets in the maize ge-
nome. However, given the degenerate char-
acter of the target this number is likely to be
around four times larger. Moreover, there is

additional flexibility in target selection by
mPIFs caused by low sequence conservation
outside the middle TTA region of the tar-
get. Therefore, only a fraction of potential
targets may be occupied by the 6,000 or so
mPIF elements in maize.

The 9-bp target resembles an imperfect
palindrome, which may be of more general
significance. For example, the 8-bp TSDs
generated by mammalian hAT transposons
are often palindromic (12). However, unlike
in haTs, only the internal 3-bp TTA portion
of the target undergoes duplication in the
case of PIFs. It will be interesting to deter-
mine whether TSDs in other DNA trans-
posons are also a part of larger targets.

Classification of mPIFs as Tourist-like
PIFs brings back the question of whether or
not MITEs should be viewed as a distinct
group of elements, different from other
nonautonomous DNA transposons. The
major defining feature of MITEs is their
short length, comparable with that of short
interspersed nuclear elements. Neverthe-
less, MITEs include only Tourist-like and
Stowaway-like short elements with 3-bp and
2-bp TSDs, respectively. The short elements
with TSDs different from those in Tourist-
and Stowaway-type elements are arbitrarily

excluded by this definition. Following the
spirit of the superfamily reunion, MITEs
probably should be reunited with other
short class II nonautonomous DNA trans-
posons into a single biological category.

Short DNA transposons as well as short
interspersed nuclear elements (SINEs) tend
to be more abundant in eukaryotes than the
long ones. One explanation of this phenom-
enon is that shorter insertions may have less
impact on host phenotype and, for this
reason, are more easily tolerated. Indeed,
short TEs including MITEs and SINEs ap-
pear to be associated with gene-rich rather
than with gene-poor regions (10, 19, 20).
However, Southern blot analysis of mPIFs
(8) indicates that the abundance may be
species-specific as much as transposon-
specific. Therefore, the abundance of short
nonautonomous TEs is a dynamic outcome
resulting from a combination of different
factors and may, to some extent, be even
controlled by the host (8, 20).
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Fig. 1. HarbingeryIS5-like active DNA transposon PIFa and its nonautonomous Tourist-like companion mPIF as described by Zhang et al. (8). Black arrows indicate
terminal inverted repeats, blue regions show subterminal sequences 70% similar between PIFa and mPIF. Yellow part of PIFa indicates protein coding regions unique
to PIFa as well as regions of similarity between PIFa and other long members of the PIF family. The central, white region of mPIF is unique to this nonautonomous
element.Aconsensussequenceofthe9-bppalindromictarget is shownonthebottom,andtheTTAtrinucleotideundergoingduplicationuponinsertionofPIFelements
is marked in red. For further explanation see text.
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